A collaborative study was conducted to evaluate a liquid chromatographic (LC) method with immunoaffinity column cleanup for determination of ochratoxin A. The method was tested at 3 concentration levels of ochratoxin A in barley, which represent possible future European regulatory limits. The test portion was extracted with acetonitrile-water by blending at high speed. The extract was filtered, diluted with phosphatebuffered saline (PBS), and applied to an ochratoxin A immunoaffinity column. The column was washed with water and the ochratoxin A eluted with methanol. The solvent was then evaporated and the residue redissolved in injection solvent. After injection of this solution onto reversed-phase LC column, ochratoxin A was measured by fluorescence detection. Eight samples of low level naturally contaminated barley and 2 samples of blank barley (ochratoxin A not found at the limit of detection of 0.2 mg/kg at the signal-to-noise ratio of 3 to 1) were sent, along with ampules of ochratoxin A, calibrant, and spiking solutions, to 15 laboratories in 13 different European countries. Test portions were spiked with ochratoxin A at levels of 4 ng/g, and recoveries ranged from 65 to 113%. Based on results for spiked samples (blind duplicates) and naturally contaminated samples (blind duplicates at 3 levels), the relative standard deviation for repeatability (RSD r ) ranged from 4 to 24%, and the relative standard deviation for reproducibility (RSD R ) ranged from 12 to 33%. The method showed acceptable within-and between-laboratory precision, as evidenced by HORRAT values, at the low level of determination for ochratoxin A in barley.
W ith improvements in methods of analysis for ochratoxin A (particularly limits of detection), and their wide application in dietary surveys, ochratoxin A has been found in an increasingly wide range of different foodstuffs. One of the main contributing factors to this improvement in methodology has been the introduction of monoclonal antibodies used in immunoaffinity columns (1) . Previously, analytical methods for ochratoxin A have used solvent extraction followed by either liquid-liquid extraction or solid-phase extraction (SPE) cleanup (either C 18 or silica) coupled with a choice of detection methods such as enzyme-linked immunosorbent assay (ELISA), thin layer chromatography (TLC), or liquid chromatography (LC). The use of immunoaffinity columns for cleanup, after extraction and before LC, can greatly improve specificity, and by removing a large number of co-extractives, can improve limits of detection.
There have been several previous collaborative trials of methods for determination of ochratoxin A in cereals. The AOAC First Action Method is applicable to barley at ≥10 ng/g (2, 3) , and the joint AOAC/IUPAC/NMKL Method (4) is essentially similar and can be applied at ≥2 ng/g. Both methods involve extraction with chloroform/phosphoric acid, liquid/liquid partition, and C 18 column cleanup before LC determination. More recently, an immunoaffinity column method for wheat at ochratoxin A levels between 2 and 5 ng/g was collaboratively studied (5) , but the method and study results were not submitted to AOAC INTERNATIONAL for consideration for adoption as an Official Method.
In November 1997, the European Scientific Cooperation (SCOOP) task force on questions relating to food estimated the dietary intake of ochratoxin A in individual member states of the European Union (6) . This estimate was based partly on an assessment of the average level of ochratoxin A in food products and indicated the major dietary sources of this mycotoxin to be cereals and cereal products. By using the data collected, the SCOOP task force determined that the mean levels of ochratoxin A from these products ranged from 0.2 to 1.6 ng/g. Methods of analysis are therefore required for ochratoxin A determination at the ng/g and sub-ng/g levels.
Several countries have regulatory or guideline limits for ochratoxin A in foods. Levels range from 2 to 50 ng/g ochratoxin A in various commodities, although almost all these limits cover cereals (7) . In 1998, the European Commission established Regulation No. 1525/98 (8), setting maximum levels for aflatoxins in certain foodstuffs. This was accompanied by Commission Directive 98/53/EC (9), which laid down methods of sampling and performance criteria that must be met for methods of analysis. It is believed that Europe-wide legislation for ochratoxin A will be enacted in the near future, at a likely level of 5 ng/g ochratoxin A in cereal raw materials and 3 ng/g in cereal products such as flour (10) . A fully validated analytical method will be required to support this possible legislation at ng/g levels.
Test Materials Used in the Collaborative Trial

Preparation of Test Materials
All batches of barley were grown within the European Union. The barley material that was used as "blank" was milled to a mesh size of 0.5 mm, and preliminary homogeneity tests showed that it contained <0.2 ng/g ochratoxin A. Another batch of barley, which was unsuitable as a blank because it contained ochratoxin A above the limit of detection but not above the limit of quantitation (0.6 ng/g at a signal-to-noise ratio of 6 to 1), was used as a diluent for the highly contaminated barley. This material was marked blank barley A.
The naturally contaminated barley material contained ochratoxin A at a level of 40 mg/kg. This barley was milled to a mesh size of 1 mm, and a 10 g portion was mixed thoroughly with 1990 g blank barley A. Preliminary testing of this mixture showed that the ochratoxin A content was 173 ± 15 ng/g, and the mixture was homogeneous. The 3 low-level contaminated materials used in the study were then produced by blending portions of this contaminated mixture with portions of blank barley A. Approximately 15 kg of each of the low-level contaminated materials and approximately 30 kg blank barley were prepared; before packaging, homogeneity of each of the barley materials was determined by analyzing 5 subsamples from each batch in duplicate. The ochratoxin A content of the subsamples from the blank barley material was <0.2 ng/g in each case.
Bulk homogeneity of test materials
Preliminary homogeneity analysis indicated that the low-level contaminated barley materials were homogeneous, and they were therefore packaged. Two hundred sachets of each material were prepared, flushed with nitrogen, and heat-sealed. Every 10th sachet was removed for the final homogeneity study.
Homogeneity Testing of Test Materials
For all test materials (including the blank), every 10th sachet from the first 50 sachets packaged was removed for homogeneity testing. All sachets were labeled according to the filling sequence. Each sachet removed was analyzed in duplicate for ochratoxin A. Spiked test portions of blank barley were analyzed with each batch. To eliminate day-to-day variation in the analysis, test portions from one set of materials were analyzed on the same day.
Taking into account the repeatability of the analytical procedure used, each of the barley materials was considered acceptably homogeneous at a minimum size of 25 g. No significant drift of the ochratoxin A mass fraction was caused by the filling sequence or the order of analysis for any of the 3 low-level contaminated materials.
Organization of Collaborative Study
Fifteen laboratories from 13 different European countries, representing a cross-section of government, food control, and food industry affiliations, took part in the collaborative trial. Control measures used before the collaborative trial took the form of a practice material for participants to familiarize themselves with the method and a pretrial workshop. For the practice material, participants received control blank test samples and a calibration solution for spiking; they were also requested to optimize their chromatography. At the precollaborative trial workshop, the method was discussed and participants were given the opportunity to discuss any problems.
For the collaborative trial each participant received: (h) A report form for analytical data, as well as criticisms and suggestions, (i) A collaborative study materials receipt form. The participants were instructed to prepare one extract from each material, perform the cleanup, and analyze the extracts by LC (as detailed in the method supplied). The 8 test portions in the batch were all to be analyzed on the same day; at the same time, portions of the 2 blank materials were to be spiked with the 2 spike solutions, A and B. The concentrations of these 2 solutions were not known to the participants; consequently, they were instructed to follow the spiking protocol provided and report the results uncorrected. Table 2000 .03A for results of the interlaboratory study supporting the acceptance of the method.
A. Principle
Test portion is extracted by blending with acetonitrile-water. The extract is cleaned up by passing through an immunoaffinity column. Ochratoxin A (OTA) is eluted with methanol, further purifed and identified by LC, and quantified by fluorescence. 
D. Extraction
Weigh, to nearest 0.1 g, ca 25 g test portion of barley into blender jar B(c). Add 100 mL extraction solvent C(c). Cover and seal blender; blend for 3 min. Filter extract through filter paper B(h).
E. Immunoaffinity Column Cleanup
Pipet 4 mL filtrate into 100 mL glass beaker (or similar) and dilute with 44 mL PBS C(m). Connect immunoaffinity column B(l) to vacuum manifold B(e), and attach reservoir B(f) to immunoaffinity column. Add diluted extract to reservoir and pass through immunoaffinity column at ≤5 mL/min flow rate. The immunoaffinity column must not be allowed to run dry. Wash beaker and column with 10 mL water, remove from vacuum manifold, and place over silanized vial B(a).
Elute OTA into silanized vial with four 1 mL portions methanol C(e). Evaporate eluate to dryness over steam bath, under N. Redissolve in 1 mL injection solvent C(f), which has been filtered through 0.2 µm filter. Transfer to LC vial. (c) Operating conditions.-When column B(l) and mobile phase specified C(o) were used, the following settings were appropriate: Flow rate, 1 mL/min; column oven temperature, 45 ± 1°C; fluorescence detection, 460 nm emission wavelength, 333 nm excitation wavelength; injection volume, 100 µL. Calculate mass fraction, W OTA , of OTA in mg/kg using the equation:
where M A = mass of OTA in test solution extract, ng ; V 1 = extraction solvent, mL (100 mL); V 2 = acetonitrile-water filtrate passed through immunoaffinity column, mL (4 mL); V 3 = test solution (1 mL); V 4 = test solution injected, mL; M S = test portion extracted, g (25 g); 1000 = conversion factor for g to kg; 1000 -1 = conversion faction for ng to µg. 
Results and Discussion
Collaborative Trial Results
Data were received from all 15 collaborative trial participants. All data submitted are presented in Table 1 . Results of the 2 spiking experiments are reported in columns indicating 4 ng/g ochratoxin A content. The spiking experiments were performed on blank materials supplied. The blank value was determined by each participant, and in every case, the blank value was reported at or near the limit of detection. The undisclosed ochratoxin A contents of both spiking solution A and spiking solution B were 500 ng/mL, so that the target spike content was 4.0 ng/g. A total of 8 test portions were labeled with a 4-digit number, which were 4 pairs of blind duplicates. Three pairs of duplicates were naturally contaminated barley, and the fourth pair contained blank material (sample a). The naturally contaminated test samples were sample b (mean 1.3 ± 0.3 µg/kg ), sample c (mean 3.0 ± 0.4 µg/kg), and sample d (mean 4.5 ± 0.6 µg/kg).
Precision estimates were obtained by the one-way analysis of variance approach, according to the IUPAC Harmonized Protocol (9) . Details of average analyte concentration, standard deviations for repeatability (s r ), and reproducibility (S R ), relative standard deviations for repeatability (RSD r ) and reproducibility (RSD R ), number of statistical outlier laboratories, HORRAT ratio, and percentage recovery are presented in Table 2000 .03A.
The collaborative trial results were previously examined for evidence of individual systematic error (p < 0.025) using Cochran and Grubbs tests progressively (11). Pairs of results identified as outliers are indicated in Table 1 . The maximum number of outliers was identified in the set of results of spiked test samples (3 sets of results were outliers). This meant that acceptable data were received from 14 laboratories for blank sample a, 15 laboratories for sample b, 14 laboratories for sample c, 13 laboratories for sample d, and 12 laboratories for the spiked samples.
Comments from Collaborative Trial Participants
Some comments were made on the reporting sheets provided with the collaborative trial samples from 9 of the 15 collaborative trial participants. All participants found the method description clear and easy to follow, but the spiking protocol in the additional instructions to participants was open to possi- ble misinterpretation. One laboratory (Laboratory 4) misunderstood these instructions and had to correct its results. Laboratory 1 commented that the description of calculation of final results was more difficult than necessary because factors included to convert the answer to µg/kg were not necessary as the answer in ng/g was the same. Two participants (Laboratories 2 and 10) offered suggestions on how to make preparation of calibrants simpler, and Laboratory 8 referred to another method which reported that buffering of the LC mobile phase avoided the problem of retention time changes. Laboratory 6 determined that baseline disturbances on the chromatograms run on the day of analysis were caused by interferences in the barley matrix that remained in the system for approximately 120 min. The laboratory found no problem in identifying or quantifying ochratoxin A in any of the samples. Laboratory 6 also observed that acid-washed glassware was just as effective at inactivating glassware as silanization, and that acid-washing (immersion of glassware in a solution of 4 mL/L H 2 SO 4 followed by washing to neutral pH by rinsing with distilled water) was more effective, easier, and not so costly as silanization. This comment was of interest, because, although results of the practice study (run before the workshop and several months before the collaborative trial) were generally very good (mean recovery 98 ± 10%), several participants (Laboratories 3, 4, 6, 7, 11, 12, and 13) reported that they had not used silanized glassware. Only one of these laboratories reported a low recovery, but it had problems with blocking immunoaffinity columns, which could also account for the poor result. At the workshop, the need was stressed for collaborative trial participants to follow the method exactly.
Problems with immunoaffinity columns were reported by 3 collaborative trial participants. Laboratory 5 overcame these problems, but suggested that an extra filtration step, before the sample extract was applied to the immunoaffinity column, would help. Laboratory 12 did not succeed in passing the extracts through the immunoaffinity column. Their remedy was to try alternative columns (i.e., not those supplied as part of the trial) with the same specification but from a different supplier. This work was done on the same day as the samples were extracted, and the method was followed exactly.
Laboratory 1 reported 2 sets of results for the trial. The second set was obtained by repeating the analysis on the sample extracts 3 weeks after the first analysis using new immunoaffinity columns (i.e., not those supplied as part of the trial). The immunoaffinity column specification was the same as in the method, but, because the sample extracts had been stored at room temperature for 3 weeks, only the first set of results was considered suitable for inclusion in the trial. This laboratory also reported that 2 different analysts had performed the work.
Performance Characteristics of the Method
The results indicate clearly that all participants (with one unusual exception) identified the blank pairs of samples as not containing ochratoxin A or containing a level that was detectable but close to the limit of determination. Pairs of data were identified as outliers from the data sets from 4 laboratories.
These outlier results were removed by the Cochran's test, indicating poor replicate pairs, or the Grubbs test, indicating whether a result at either end of the range is an outlier. The possible reason (storage of sample extracts and involvement of different analysts) for rejection of some of the data from Laboratory 1 is explained above. One pair of data (blind blank test samples) was rejected from data from Laboratory 9, with no obvious technical reason. The data pairs from the spiked test samples and samples b and c from the data submitted by Laboratory 10 were rejected as outliers; in each instance, the reported results were well below the overall mean. From the comments received from the laboratory, 2 possible reasons were identified. The results were received very late because the laboratory was in the process of relocating, which may have been the reason for the poor performance.
The fourth laboratory to have one data pair identified as an outlier (the spiked test samples) reported having a problem with the test samples on the day of analysis (but not the calibrants) and so had repeated the work. It was not able to repeat both spiked test samples; therefore, a second spike value was not available.
The precision data are presented in Table 2000 .03A. Based on results for spiked test samples (blind pairs) as well as naturally contaminated test samples (blind pairs at 3 levels), the relative standard deviation for repeatability (RSD r ) ranged from 4% (spiked) to 24% (sample b). The relative standard deviation for reproducibility (RSD R ) ranged from 12% (spiked) to 33% (sample b). These precision values were highest at the lower level of ochratoxin A content, and both RSD r and RSD R for the highest level were 14%. A mean recovery was obtained for spiked test samples of 93 ± 10%, which ranged from 65 to 113%. The recoveries were acceptable for determining ochratoxin A in barley.
Interpretation of Results
The acceptability of precision characteristics of the method was assessed on the basis of HORRAT values (12) which compare the RSD R obtained for a particular matrix with that statistically predicted on the basis of collaborative trial studies taken from the published literature. When outliers were excluded, HORRAT values for ochratoxin A ranged from 0.3 to 1.2. All HORRAT values were <2.0, which indicates acceptable precision, and were better than values reported in the AOAC-IUPAC Official First Action Method (3), notwithstanding the low levels of ochratoxin A contamination in this instance (2, 4, and 6 µg/kg compared with 10, 20, and 50 µg/kg in the AOAC-IUPAC method).
Recoveries were better than those in 1992 and 1996 trials (2, 4), and were comparable to those in the 1998 immunoaffinity trial with wheat (5). The low levels of contamination of ochratoxin A in cereals ranging from 1 to 5 ng/g were comparable to those of 1996 and 1998 (2, 4). Performance characteristics were slightly improved for this trial over others, except for barley contaminated at 1.3 ng/g, where better results were obtained in 1996 (2) for the lowest level of contamination of ochratoxin A at 1.75 ng/g. The HORRAT values for trials in 1996, 1998, and the present trial were com-parable (below 1.0), indicating satisfactory performance characteristics for the methods.
Recommendation
It is recommended that the immunoaffinity column cleanup method with reversed-phase LC determination and fluorescence detection for ochratoxin A at >1.3 ng/g be adopted Official First Action for determination in barley. The method is superior to the existing First Action Method in terms of the lower limit at which validation has been performed, and in avoidance of chloroform as an extraction solvent.
